evaluate the quality of rock formations as nuclear waste repositories. These rocks are crystalline rocks, clays, tuffs and salts, for which the K d of different radionuclides has been measured (Galamboš et al., 2009 (Galamboš et al., , 2011 (Galamboš et al., , 2013 Charalambos and Wooyong, 2003; Almann and Bruno, 2001; Başçetin and Atun, 2006; Atun and Kaplan, 1996; Akiba and Hashimoto, 1990; Meyer et al., 1989; Fuentes et al., 1985) . Besides natural rocks, synthetic solid phases as well as various types of crystal structures from different mineral phases of the host solid have also been considered for strontium K d determination (Galamboš et al., 2012a (Galamboš et al., , 2012b (Galamboš et al., , 2013 . Because of variations in solid phases, laboratory K d measurements for any nuclide are often affected by the chemical and physical properties of the host rock and of the aqueous phase, such as the available surface area, the cationic exchange capacity, the pH, the ionic strength, the oxidation reduction potential and the radionuclide concentration (Sasaki et al., 2007) . The most frequent approach for determining K d values is by laboratory batch experiments with crushed or powder materials and then interpret the results through thermodynamic sorption models (TSM) using ion-exchange or surface complexation reactions (Hu et al., 2008; Başçetin Determination of adsorption coefficient of strontium (Sr), one of the major elements of low and intermediate level radioactive wastes, is an important step to assess the performance of a waste repository. The adsorption coefficient of strontium on rhyolitic type pumice tuff, already selected as a potential host rock for radioactive waste repositories in Japan, was investigated with batch adsorption experiments. Some parts of the pumice tuff were oxidized and this redox effect was compared with fresh tuff. The distribution coefficient yielded negative values ranging from -0.3 to -9.6 mL/g at low initial concentration of 10 -6 and 10 -7 mol/dm 3 , because a higher strontium concentration over the initial one was found in the aqueous phase at equilibrium. Batch dissolution experiment revealed that pumice tuff releases considerable amount of strontium, 8.27 ¥ 10 -7 and 4.76 ¥ 10 -6 mol/dm 3 , respectively for fresh and oxidized tuff. Incorporating the dissolved strontium concentration in equilibrium, major changes in distribution coefficient values were found for the oxidized tuff. Considering the dissolution effect is thus necessary, especially for redox zone solid, to properly evaluate the distribution coefficient of easily soluble nuclides when a lower initial concentration is used. To incorporate the dissolution effect, a slight modification of the existing equation was made to determine the distribution coefficient.
INTRODUCTION

Strontium (Sr) isotopes (
87 Sr/ 86 Sr) are widely used as environmental tracers to unravel weathering processes and soil formation (e.g., Bain and Bacon, 1994; Probst et al., 2000) ; water-rock interactions (e.g., Shand et al., 2009) ; to quantify the relative contributions of in-situ weathering and atmospheric inputs to soil and vegetation (Capo et al., 1998) ; and for radiocarbon dating of groundwater (Bishop et al., 1994) . While natural processes such as evaporation, precipitation, and biological uptake do not change the strontium isotopic ratio in water, this ratio can be changed when water interacts with soils and rocks, due to feldspars dissolution (Brantley et al., 1998) .
Adsorption is the uptake of a nuclide on a solid as a function of the nuclide concentration in the aqueous phase. It is normally represented in the form of adsorption coefficient, specifically the distribution coefficient, K d , of the considered nuclide. This parameter is important to and Atun, 2006; Almann and Bruno, 2001) .
As indicated in the Japan Atomic Energy Agency Sorption Database (JAEA-SDB, 2014), tuff has been extensively investigated for the study of adsorption mechanisms with strontium. For instance, strontium sorption on Ohya and Itado tuff showed that K d slightly increases with increasing Sr concentration and then decreases continuously with concentration between 10 -6 and 10 -2 mol/dm 3 (Akiba and Hashimoto, 1990) . Equilibrium and non-equilibrium Sr sorption experiments at 23-25∞C revealed that adsorption equilibrium occurs rapidly, within the first 3 hours, because chemical dispersion is least for Sr and that adsorption is independent of sorption site interactions Polzer et al., 1985) . The particle size and the corresponding surface area also do not influence the sorption behavior until particle size becomes smaller than about 63 mm (Rogers and Meijer, 1993) . Smaller than 63 mm particle size leads to an increase in surface area and sorption values. Meyer et al. (1989) also insisted that sorption and desorption ratios of Sr increased as the particle size of Topopah Spring core tuff of Yucca Mountain, Nevada, decreased. Although strontium sorption tests on different types of tuff are mainly performed by ion-exchange (Lutze and Levi, 1970; Vine et al., 1980; Komarneni, 1985) , these values specifically depend on the properties of tuff (Charalambos and Wooyong, 2003) . However, considering the properties and composition of tuff as a solid phase, the lack of information on trace element concentration is a major limitation of the above studies. Trace element concentration often plays a significant role in water-rock interaction processes by participating in the chemical reactions, increasing trace metals or forming separate complexes with major ions (Frondini et al., 2014; Yu et al., 2014; Banner, 1995; Banner and Hanson, 1990) . Igarashi et al. (1998) insisted that stable strontium introduced in the solution from other sources needs to be considered in order to obtain more appropriate and reliable K d . As Sr K d values for soils are significantly affected (decreasing K d while increasing stable Sr amount) by the natural Sr content of the soils (Johnston and Gillham, 1984) , determination and consideration of such Sr in solid phase is necessary. Being a heterogeneous solid phase, tuff can contain soluble trace element bearing compounds that can affect water-rock interaction. For example, variation in the concentration of dissolved cations with the soil/solution ratio results to changes in the distribution coefficient of radionuclides (Tanaka and Ohnuki, 1994) . Thus, the present study focuses on the strontium dissolution effect on the adsorption coefficient measured in a rhyolitic pumice tuff. Weathering conditions, mainly the oxidation nature of the tuff, were also considered during both dissolution and adsorption batch experiments. Without considering the dissolved concentration of target elements, especially those that are abundant as much as strontium, the results of adsorption coefficient values might be misleading.
METHODOLOGY
Rhyolitic pumice tuff formations (Rajib et al., 2011) have been considered as generic site for low and intermediate level waste repository in Japan (Sasaki, 2005) . The tuff samples from the Takahoko Formation of Neogene Period were collected from the underground research site of Japan Nuclear Fuel Limited (JNFL) located in the village of Rokkasho, Simokita Peninsula, Aomori, Japan (Sasaki, 2005) . Fresh and oxidized pumice tuffs have been selected on the basis of their physical appearance ( Fig. 1) , of the sampling location, and of measurements of the oxidation-reduction potential (ORP). Fresh tuffs, with a pH of around 8-9 have lower ORP values adjusted to the normalized hydrogen electrode (429-513 mV) than oxidized tuffs (540-649 mV) with a pH of around 4.5. Fresh tuff appears to be grey to dark grey, with large fragments of pumice as well as opaque minerals of magnetite and pyrite. Oxidized tuff is grey to yel- lowish brown, and was collected from the so-called redox zone of the site (Oyama et al., 2007) where waterrock interaction occurred and changed the color of the surrounding rock. In oxidized tuff, pumice grains are small, and dark colored minerals were absent, probably dissolved by oxidizing groundwater.
Solid phase analysis
Strontium content in solid pumice tuff was measured with an X-ray Fluorescence Spectrometer (XRF) Philips PW2400, using the fundamental parameter (FP) method. Both oxidized and fresh pumice tuffs were ground into fine powders to prepare pellets for XRF analyses. The concentrations of major elements like Na, Mg, Al, Si, P, S, K, Ca, Ti, Mn and Fe were measured at wt.% level, and Sr and other trace elements were measured at ppm level. For porosity and pore size distribution (PSD), the Mercury Intrusion Porosimetry (MIP) technique was adopted by using a Micromeritics Shimadzu AutoPore IV. Small fragments of samples of less than 0.5 g, fitting the penetrometer, were first dried at 50∞C to get rid of moisture. This low temperature was adopted because manipulating soft materials and because of the risk of altering some clay minerals in the tuff at higher temperatures. After being dried, samples were vacuumed at less than 1 Pa, before analyses.
Adsorption experiment
The distribution coefficient, K d is the amount of a chemical element remaining in a solution after interaction with a solid. Batch sorption experiments are widely used to obtain K d by adding a certain amount of solid into solutions maintaining a specific solid/liquid (S/L) ratio (Wang et al., 2009) . These experiments are usually carried out using crushed materials of homogenous size because of the significant dependence of K d determination with the particle size and the resulting surface area of the solid. For Cs and Sr, particle size does not affect the sorption behavior of the tuff until it becomes smaller than about 63 mm (Rogers and Meijer, 1993) . In the present study, solid pumice tuff was ground and sieved through 150-300 mm standard meshes. One gram of tuff powder was precisely measured to have a constant solidsolution ratio of 1:10 for batch preparation.
Stable Sr (from SrCl 2 ; Alfa Aesar, 99.5%) was used for this experiment considering that it also provides similar results like those carried out with radioactive strontium (Igarashi et al., 1998) . Strontium solutions of 10 -4 , 10 -5 , 10 -6 and 10 -7 mol/dm 3 were prepared initially and then batches were set in polypropylene tubes at 1:10 solid/ solution ratio with 1 g oxidized/fresh tuff powder in 10 mL of each concentrated solution. Ionic strength (Na + concentration) was controlled by a NaClO 4 solution of 1.0 and 3.0 mol/dm 3 at pH 4, 6, 8, 10 and 12. The pH value of each solution was monitored with a pH meter (D-51, Horiba) and re-adjusted with HClO 4 (Wako, 60%) or NaOH (Wako, 99%) as required in order to decrease or increase the pH after every 2-weeks until an equilibrium was achieved. All the samples were stored in an argon-filled desiccator to avoid environmental contamination. After every pH adjustment, the samples were mildly shaken by hand to mix the solid with the liquid phase properly. During aging period, the pH fluctuated for the first 8-10 weeks. The shifting towards neutral pH (around 6-8) in fresh tuff was natural whereas shifting towards low pH (around 4) in oxidized tuff solution was due to the chemical oxidation of pyrite (Rajib et al., 2011) . Therefore, the contact time was taken up to 14 weeks and at equilibrium condition, the final pH was measured. Then, 1 mL of the supernatant solution was filtrated through a cellulose-mixed ester membrane filter (pore size: 0.45 mm, Advantec Toyo) connected to a plastic syringe. The filtrated solution was diluted by 0.1 mol/dm 3 HNO 3 in order to control the Sr 2+ and Na + concentrations within the detection range (10 -8 -10 -4 mol/dm 3 ) of the ICP-MS (Elan DRC II, PerkinElmer). Since the ionization efficiency of MS for Sr slightly decreases with increasing ionic strength, the matrix effect was considered in the determination of the raw concentration. Finally, K d was calculated using the following equation;
where Conc. [ini] and Conc.
[fin] are the initial and final concentration of strontium in solution, respectively.
Dissolution experiment
The dissolution experiment was carried out by complete immersion technique with the same grain sizes and solid-solution ratios as those used for the adsorption experiments. 8 g of pumice tuff powder was added in 80 mL di-ionized water in a plastic beaker and kept in an incubator at constant temperature of 25∞C. Initially, the solid was mixed with the solution by mild hand shaking for about 3 minutes. The pH and EC were measured every 24 h using a Horiba pH meter (Model D-51) and a Yokogawa EC Meter (Model SC82) respectively, until reaching equilibrium. After every measurement, the solidsolution was mixed by mild shaking by hand. The measurement continued for one month since there were subtle changes in EC even after reaching near equilibrium.
After equilibrium, the solution was analyzed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES Optima 5300 DV) operating with nebulizer parameter by Hg readjustment, supply pressure 204-210 KPa and continuous plasma flow rate at 0.70 l/min. Solutions were filtrated through 0.45 mm Advantec syringe filter and diluted with 0.1 mol/dm 3 HNO 3 . The calibration solution of strontium was also prepared with the same concentration of HNO 3 to keep consistency with the diluted solution. The duplication of the samples for this dissolution experiment indicates that the results are reproducible with standard deviation of 9.46 ¥ 10 -8 and 5.61 ¥ 10 -7 mol/dm 3 for fresh and oxidized tuff, respectively.
Integration of dissolved concentration to the calculation of distribution coefficient
The values of dissolved concentrations of strontium were added to the initial concentration of the distribution coefficient calculation to obtain the total initial concentration of strontium in the solution. Hence, Eq. (1) where Conc.
[diss] is the dissolved concentration of strontium in solution.
RESULTS
The K d values for fresh and oxidized tuff at different initial strontium and salt concentrations are reported in Tables 1 and 2 . It should be noted that while manually preparing strontium solutions, the initial concentration increased by a factor of 1.6. Hence, the initial concentration has been considered as 1.6 times that of each concentration. It was observed that neither proton nor salt concentration has any significant effect on strontium K d for tuff except for very high pH, e.g., all the samples at pH-12 showed the highest K d . All the measured K d values were clearly observed with an initial strontium concentration of 10 -4 and 10 -5 mol/dm 3 . However, for 10 -6
and 10 -7 mol/dm 3 strontium concentration, K d values became negative and hence could not be presented in log scales.
For fresh pumice tuff, the adsorption coefficient could not be determined for all the samples. The K d values could only be measured for 10 -4 mol/dm 3 initial Sr concentration and 10 -5 mol/dm 3 for the higher pH range. The negative K d values, resulting from higher final concentration of strontium, are probably due to the effect of additional strontium from the solid.
Strontium dissolution concentration was measured by ICP-AES from both fresh and oxidized pumice tuff solution after the equilibrium pH and EC were achieved (Fig.  2) , and the results were found to be significant. Getting the average from two samples, oxidized tuff dispersed 4.76 ¥ 10 -6 mol/dm 3 strontium into the solution, comparing to 8.27 ¥ 10 -7 mol/dm 3 from fresh tuff. These concentrations are very close to some of the initial concentrations taken during the adsorption experiments. XRF also showed significant amount of strontium in the fresh tuff, 3.5 times higher than the oxidized tuff (Table 3 ). As measured in the dissolution experiment, this 3.5 times lower Sr in oxidized tuff dispersed an amount of Sr in the solution more than 5 times higher than fresh tuff. This is due to the dissolution of feldspar minerals favored by oxidation processes (Brantley et al., 1998) .
MIP results indicate that both types of tuffs have similar PSD with most of the pore sizes ranging between 10 and 0.3 mm. PSD measurements (Table 4) show similar median pore diameters, while volume measurements (50% total intrusion volume of Hg; Web, 1993) Table 4 . Mercury intrusion data summary results, possibly related to closed porosity. Another significant difference is also observed with fresh tuff having the total pore area two times of the oxidized tuff though the porosity of both tuffs is similar. Strontium K d values obtained after incorporating the dissolved Sr concentration using Eq. (2) for fresh and oxidized tuff have been provided in Figs. 3 and 4 , respectively. It has been observed that fresh and oxidized tuffs have significantly different effects on the recalculation of the distribution coefficient, which also depends on the dissolved concentration of strontium. Even after considering the dissolved Sr concentration, the K d values did not change significantly for fresh tuff, only 0.1, 0.6, 1.5 and 2.3 mL/g for initial Sr concentration of 10 -4 , 10 -5 , 10 -6 and 10 -7 mol/dm 3 , respectively. This is due to very low dissolved Sr concentration (an average value of 8.27 ¥ 10 -7 mol/dm 3 only). On the contrary, K d values with lower strontium initial concentrations like 10 -6 and 10 -7 mol/dm 3 in oxidized tuff samples significantly changed when Sr dissolved concentration (average value of 4.76 ¥ 10 -6 mol/dm 3 , 5 times higher than fresh tuff) is considered. For example, K d values changed to an average of 0.5 and 4.3 mL/g for initial Sr concentrations of 10 -4 and 10 -5 mol/dm 3 , respectively. When initial Sr concentrations of 10 -6 and 10 -7 mol/dm 3 are considered, K d was incremented to 13.4 and 25.6 mL/g, respectively. Such changes have resulted in positive K d values at these Sr concentrations which were not measured initially in the adsorption experiment alone.
. (a) pH and (b) EC measurement of fresh (FT) and oxidized (OT) pumice tuff in dissolution experiment.
DISCUSSION
The distribution coefficient values of strontium on pumice tuff from the present study have been compared with some of the available data from literature at similar experimental conditions (Table 5 ). As observed in different databases (JAEA-SDB, 2014; GERM, 2015) and data from Cantrell et al. (2003) , the strontium adsorption experiment has been carried out on a variety of solid phases in different geochemical conditions. Several high K d values were observed at high pH up to 12, possibly caused by adsorption on newly formed carbonate compounds at alkaline conditions. Formation of such carbon compounds was inevitable as the samples had to be taken out of the desiccator for pH adjustment, every 2 weeks.
It should be noted that detailed solid phase composition is not described in previous studies, which is one of the most important parameters as the sorption coefficient can vary according to the surface site conditions (Sasaki et al., 2007) . The K d values of the present study were found consistent with the literature values with no significant effect of initial concentration or pH. Slight increase of K d has been observed for oxidized tuff comparing to fresh one, which cannot be compared with any previous report since solid phase redox condition had not been previously considered.
At the highest initial strontium concentration (10 -4 mol/dm 3 ), results yielded similar K d for different salt concentrations (1.0 and 3.0 mol/dm 3 Na + ), suggesting that Na + does not significantly affect adsorption. This is possible because divalent Sr 2+ does not react with monovalent Na + , resulting in no Na + variation effect. At higher initial strontium concentration, K d values are similar, despite having various Na + concentrations, suggesting that adsorption took place even without usual sorption sites. Colloid materials present in the solution might be responsible for such adsorption (Zaman and Komatsu, 2008) . With decreasing initial strontium concentration, K d showed more negative values. This can happen when there is addition of Sr from the solid phase. The effect of such strontium is more evident when initial concentration is low.
The K d values became negative for many samples, especially with initial Sr concentration of 10 -6 and 10 -7 mol/dm 3 (Tables 1 and 2 ) when the dissolved concentration of Sr was not considered. According to the general equation of the distribution coefficient (Eq. (1)), such negative values occur when the final concentration becomes higher than the initial concentration. However, it is evident that higher initial strontium concentrations in solution such as 10 -4 and 10 -5 mol/dm 3 are not much affected by the natural dissolution of strontium from the pumice tuff. The reason is that dissolved Sr concentration (8.27 ¥ 10 -7 mol/dm 3 for fresh tuff and 4.76 ¥ 10 -6 mol/dm 3 for oxidized tuff) is significantly lower than the initial Sr concentrations (10 -4 and 10 -5 mol/dm 3 ). As the dissolved concentration from fresh tuff was found to be in the order of 10 -7 mol/dm 3 , such low amount could not change the K d values. Though, fresh tuffs possess higher pore area, the available surface area for adsorption is probably low, yielding low K d .
The distribution coefficient value calculated at lower strontium concentrations (10 -6 and 10 -7 mol/dm 3 ) can be significantly affected if the dissolution of strontium from oxidized pumice tuff is considered. As indicated by similar order of K d values (0.6-0.8 mL/g in logarithmic scale except very high pH of 12) after considering the dissolved Sr concentration, it is clear that like pH, Sr adsorption is also independent from the initial concentration. This can be explained in the present experimental conditions of initial Sr concentration, pH range, ionic strength with oxidized tuff powder of 150-300 mm grain size. Negligible effect of initial strontium concentration, especially up to 10 -4 mol/dm 3 , on the distribution coefficient with the presence of electrolyte for various mineral mixtures has also been found by Başçetin and Atun (2006) . Akiba and Hashimoto (1990) also described such independency of strontium concentration up to 10 -4 mol/dm 3 on different sedimentary and igneous rocks as well as several minerals. However, both of them reported that at higher than 10 -4 mol/dm 3 strontium concentrations, the distribution coefficient tend to decrease.
Having a similar porosity but a lower pore area in oxidized tuff, the available surface area for adsorption is probably higher than fresh tuffs. The cause for the increasing available surface area is the formation of clay minerals by oxidation. Pore connectivity might also play a role in reducing the accessibility of the chemical element to the adsorbing surface (Armatas, 2006; Mason, 1982) . The lower strontium content but higher dissolution depends on the binding force of cations and anions. Considering similar behavior like other bi-valence ions (e.g., Ca 2+ , Mn 2+ , CO 3 2-) (Brinck and Forest, 2007; Lea et al., 2001; Amonette et al., 2001) , Sr 2+ bonding with other elements probably became weak in oxidized tuff due to oxidation and let strontium dissolved easily.
Sr from solid phase and from the initial solution might have interacted differently. However, the mechanism of interaction is still not clear. It has been observed that a strong inverse relationship exists between the K d of Sr and its concentration in the solid phase (Johnston and Gillham, 1984; Igarashi et al., 1998) . The higher concentration of stable Sr in fresh tuff results in lower K d values as opposed to oxidized tuff, as observed in Igarashi et al. (1998) . Leaching and reconstruction at the surfaces of dissolving chain-silicate minerals and formation of clays and amorphous products have also been reported in some favorable experimental conditions (Casey et al., 1993) . Another major constituent, volcanic glass, also can be a source of "neo-formed" clay minerals (Karakas and Kadir, 2000) and is supposed to be developed by the formation process including precipitation (Kawano et al., 1997) with the similar valence elements Cs + and Sr 2+ respectively, because of their similar behavior, which is considered as reversible reactions, though it is reported that strontium usually does not undergo such interlayer entrapment the way cesium does (Shephard et al., 2009) . As the clay percentage in the present studied pumice tuff was found to be very small, the interaction of Sr from the solid phase and initially provided in the solution is considered as an irreversible reaction.
Adsorption of chemical elements as a function of pH, ionic strength and initial concentration also depends on the complex formation of the respective element with the complexes present in the solid-solution. Previous studies concluded that strontium sorption occurred by ion exchange at the solid-solution interface which is chemically bound to hydrous oxides (Sahai et al., 2000; Carroll et al., 2008) . Moreover, strontium forms hydrated complexes that are electrostatically bound to clay surfaces and can precipitate as strontianite (SrCO 3 ) (Chen et al., 1998; Parkman et al., 1998) . To identify such Sr complexes, XRay Diffraction (XRD) technique was applied to the samples with various pH, ionic strength, and initial Sr concentration (Fig. 5) . Besides quartz (SiO 2 ), a major complex has been identified as sodium chlorate hydrate (NaClO 4 (H 2 O)), formed by the interaction of dissolved Na + and Cl -. Strontianite was also found in all the samples, although it was not observed in fresh or oxidized tuff before adsorption experiment. In fresh tuff, formation of some other complexes (not specifically identified at present stage) might resist Sr to adsorb on pumice tuff, which probably is the reason for having fewer amounts of positive K d values in fresh tuff. Application of advance technology like Extended X-ray Absorption Fine Structure (EXAFS) might be helpful to determine such complexes.
CONCLUSIONS
Strontium is an element that can readily dissolve in groundwater under oxidizing conditions. Furthermore, the host rock accelerates the dissolution, which might exceed the adsorption quantity at low initial Sr concentration, affecting the adsorption significantly. However, at high initial strontium concentration, the adsorption quantity exceeds the dissolution concentration with no significant effects on the adsorption measurements. It has been observed that the threshold concentration between adsorption and dissolution lies between 10 -4 and 10 -5 mol/dm 3 for the case of the studied rhyolitic pumice tuff. Below 10 -5 mol/dm 3 Sr concentration, adsorption quantity was significantly affected by the dissolved Sr concentration in oxidized pumice tuff. The in-situ nuclide concentration is thus suggested to incorporate in the existing K d calculation procedure to obtain precise adsorption quantity of any nuclide.
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